We performed both a laboratory and a field intercompanison of two novel glass-based retrospective radon detectors previously used in major radon case-control studies performed in Missouri and Iowa. The new detectors estimate retrospective residential radon exposure from the accumulation of a long-lived radon decay product, 210Pb, in glass. The detectors use track registration material in direct contact with glass surfaces to measure the a-emission of a 210Pb-decay product, 210Po. The detector's track density generation rate (tracks per square centimeter per hour) is proportional to the sur6ce a-activity. In the absence of other strong sources of a-emission in the glass, the implanted surface a-activity should be proportional to the accumulated 210Po, and hence to the cumulative radon gas exposure. The goals of the intercomparison were to a) perform collocated measurements using two different glass-based retrospective radon detectors in a controlled laboratory environment to compare their relative response to implanted polonium in the absence of environmental variation, b) perform collocated measurements using two different retrospective radon progeny detectors in a variety of residential settings to compare their detection of glass-implanted polonium activities, and c) examne the correlation between track density rates and contemporary radon gas concentrations. The laboratory results suggested that the materials and methods used by the studies produced similar track densities in detectors exposed to the same implanted 210po activity. The field phase of the intercomparison found excellent agreement between the track density rates for the two types of retrospective detectors. The correlation between the track density rates and direct contemporary radon concentration measurements was relatively high, considering that no adjustments were performed to account for either the residential depositional environment or glass sur&ce type. Preliminary comparisons of the models used to translate track rate densities to average long-term radon concentrations differ between the two studies. Further calibration of the retrospective detectors' models for interpretation of track rate density may allow the pooling of studies that use glass-based retrospective radon detectors to determine historic residential radon exposures.
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The most direct way to derive risk estimates for residential radon decay product (progeny) exposure is to compare residential radon progeny exposure among people who have lung cancer with the exposure received by individuals who have not developed lung cancer. Numerous case-control epidemiologic investigations have attempted to examine the relationship between residential radon gas exposure and lung cancer (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . The historic reconstruction of radon exposure presents a formidable challenge in these studies. The major obstacles impeding accurate radon exposure estimates for the epidemiologic studies (12) include the studies' inability to account for missing radon measurements for homes that were previously occupied by the subjects and were inaccessible for radon testing (2-10), temporal and spatial variation of residential radon concentrations (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , and the use of current residential radon gas concentrations as a surrogate for past residential radon progeny concentrations (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) .
Previous residential radon case-control epidemiologic studies have imputed from 17 to 40% of their radon measurements for dwellings occupied by the study participants for the 20-year period preceding study enrollment (2-10). The missing measurement data create significant gaps in the participants' exposure history, which compel the investigators either to analyze a reduced data set or to impute radon concentrations for missing homes (13) . These gaps in radon measurements seriously decrease a study's statistical power to detect an association (14) , especially if the gaps occur 5-15 years before study enrollment (1) . Studies that fail to consider temporal radon gas and progeny variation will also have higher exposure misclassification. Residential radon gas and progeny concentrations vary hourly, diurnally, monthly, seasonally, and annually. These variations are influenced by numerous factors including radon infiltration rates, heating and air conditioning system design and usage, pressure differentials, soil characteristics, house construction methods and materials, water usage, weather conditions (e.g., rainfall, wind speed), and occupant behavior (15) (16) (17) .
The epidemiologic studies published to date have examined the relationship between radon gas exposure and lung cancer (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) .
However, it is radon progeny rather than radon gas itself that delivers the actual radiation dose to the lung tissues (1). The effective dose conversion coefficient for radon progeny strongly correlates with the size of the aerosol cluster associated with the radon progeny. Radioactive clusters in most domestic atmospheres usually contain multiple size fractions. The smaller particles (3-10 nm) provide greater exposure to the airways than radon progeny that are attached to larger aerosols (diameters of -100 nm), primarily because of their high rate of deposition in the bronchial region. The particle size distribution varies with changes in radon concentration and changes in the domestic atmosphere that include aerosol density, air movement, and the air exchange rate. Thus, both natural factors (e.g., weather patterns) and homeowner activities (e.g., cooking) can dramatically alter the delivered dose over short periods. The use of radon gas rather than progeny concentrations alone can routinely introduce an uncertainty of 50% in the exposure estimates (18) . Improved residential radon exposure estimates require measurements that depend on actual airborne radon decay product concentrations.
To overcome these exposure assessment obstacles, detectors that analyze the a-activity implanted in glass surfaces have been developed for reconstructing past residential progeny concentrations (19) (20) (21) (22) (23) . The persistent a-activity in glass was observed early in this century by Crookes (24) , but its use as a retrospective radon-radon progeny monitor is recent (25, 26 (19) . Additional studies of this relationship in a sample of homes have also shown moderate to good correlation between contemporary year-long radon gas concentrations and historically derived radon gas concentrations from detectors that measure the implanted progeny in glass (19) (20) (21) 27 ).
The ratio between the cumulative radon exposure and the implanted activity can vary with the aerosol and atmospheric conditions in each room. This behavior presents a challenge in accurately reconstructing either the airborne radon concentration or the radonrelated dose based on implanted activity alone. However, this behavior also presents an opportunity to reconstruct the airborne concentrations when the implanted activity is combined with contemporary radon gas and deposited radon progeny measurements. This paper reports the results of an intercomparison study between two devices for assessing historical exposure to radon progeny using household glass. The goals of this study were to perform collocated measurements using two retrospective glass-based radon detectors in a controlled laboratory environment to compare their relative response to implanted polonium in the absence of environmental variation, perform collocated measurements using two retrospective radon progeny detectors in a variety of residential settings to compare their detection of a-decays due to implanted polonium, and examine the correlation between a-track density rates and contemporary radon gas concentrations.
Methods
The two detectors compared in this paper have been used in major epidemiologic residential radon studies (28) (29) (30) to estimate exposure from long-term radon progeny delivered to individuals in their homes. The Missouri Radon Lung Cancer Study [MRLCS; (28) ] and the Iowa Radon Lung Cancer Study [IRLCS; (29) ] were case-control epidemiologic studies that evaluated the lung cancer risk posed by residential radon exposure. The studies used both traditional contemporary radon gas detectors and retrospective radon gas and progeny detectors to estimate historic radon concentration. The MRLCS inclusion criteria allowed subjects to have lived in more than one home over the 20 years before enrollment. The IRLCS limited enrollment of subjects to those individuals who lived in the current home a minimum of 20 years.
Retrospective surface monitor (RSM The detectors were placed on alcoholwashed areas as close to the center of the glass as the homeowner would allow ( Figure  2 ). The detector pairs (one RSM and one RRD) were placed on the same glass surface in the master bedroom and living area (usually the kitchen) in each home. The RSM and RRD were used for their normal placement periods of 1 month and 1 year, respectively. Duplicate RSMs and RRDs were placed at 10% of the placement sites to examine the precision of the measurements. The measurement results from the retrospective detectors were expressed as an a-track density rate (tracks per square centimeter per hour). One track/(cm2 x hr) corresponded to 0.3 pCi/im2 ( 'The efficiency is the probability that an a-particle emitted on the detector surface will make an observable track in the detector.
respectively, were exposed to cigarette smoke for at least 2 months during their residency in the home. All of the glass objects selected for Iowa and 52% of the glass objects in Missouri resided only in the current home. The five sets of duplicate RSMs exhibited a mean and SD of the CV of 22% ± 13% at an average track rate of 0.33/(cm2 x hr). The five sets of duplicate RRDs, conducted on a separate sample set, exhibited a mean and SD of the CV of 5 ± 3% at an average track rate of 0.44 tracks/(cm2 x hr).
Agreement between retrospective measurement results. Table 2 presents summary measurement results for the two retrospective detectors. The collocated retrospective detectors in Missouri produced geometric mean track rate densities of 0.39 tracks/(cm2 x hr) for the RSM and 0.42 tracks/(cm2 x hr) for the RRD. The track rate densities for both detectors were log-normally (In) distributed. A paired t-test on the ln-transformed data did not find any systematic bias (p = 0.10) between the observed track rates for the collocated detectors in Missouri. The Pearson product moment correlations between the RSM and RRD both for the raw data and In-transformed RSM data were 0.89 and 0.84, respectively.
Geometric mean track rate densities of 0.48/(cm2 x hr) for the RSM and 0.55/(cm2 x hr) for the RRD were observed for the Iowa detector placements (Table 2) . A paired t-test on the In-transformed data did not detect any systematic bias (p = 0.26) between the observed track rates for the collocated detectors in Iowa. The Pearson product moment correlation between the two sets of detectors for the raw and In-transformed data was 0.93 and 0.87, respectively. The overall correlation for the 89 sets of collocated retrospective detectors for the Missouri and Iowa placements combined was 0.92 for the raw and 0.86 for the In-transformed track density rates (Figure 3 Agreement between track density rates and contemporary measurement results. In Missouri, the Pearson product moment correlation between the In-transformed contemporary (1-year) radon gas concentrations, measured using the filtered chip ( Figure 1 , chip C) of the RRD, and the In-transformed track rate densities from the RSM and RRD measurements for the subset of 24 glass surfaces that were only in the current home, was 0.62 and 0.63, respectively ( Figure 4A and B, respectively). The Pearson product moment correlation between the In-transformed contemporary (1-year) radon gas concentrations, measured using the filtered chip of the RRD, and the ln-transformed track density rates from the RSM and RRD measurements for Iowa placements was 0.76 and 0.78, respectively ( Figure 5A and B, respectively).
The Pearson product moment correlation between the In-transformed contemporary (1-year) radon gas concentrations, measured using the filtered chip of the RRD, and the In-transformed track density rates from the RSM and RRD measurements in Iowa for 'One track/(cm2 x hr) corresponded to 0.3 pCi/m2 (11 Bq/m2) at a detection efficiency of 25%. k'Correlation analyses performed on the natural log-transformed data. "Contemporary radon concentration was measured by the filtered a-track detector contained on the RRD. dl pCifL -37 Bq/m3. Volume 107, Number 1 1, November 1999 * Environmental Health Perspectives the 29 smoke-exposed glass surfaces was 0.64 and 0.58, respectively. For the 14 nonsmoke-exposed glass surfaces in Iowa, the Pearson product moment correlation between the In-transformed contemporary (1-year) radon gas concentrations, measured using the filtered chip of the RRD, and the ln-transformed track density rates from the RSM and RRD measurements was 0.89 and 0.95, respectively.
Discussion
The absolute detecting efficiency served as the performance metric for the laboratory calibration intercomparison exposures. The results suggest that the detecting materials and track-reading protocols in Missouri and Iowa produced similar efficiencies. The Missouri and Iowa field phase of the intercomparison found good agreement between the track density rates for the two types of retrospective detectors.
The correlations both between the track density rates produced by the two detectors and between the track density rates and contemporary radon concentrations were slighdy higher for the Iowa of glass surfaces and the higher percentage of smoke-exposed glass at the Missouri subset placement sites. The retrospective radon concentrations most likely varied more in homes where the measurement covered a longer retrospective period. The subset analyses performed on the non-smoke-exposed glass surfaces found higher correlation, as compared to the smoke-exposed glass surfaces, both between the track density rates produced by the two collocated detectors and between the track density rates and contemporary radon concentrations. This finding suggests that previous smoke exposure to the glass surfaces may increase the variation in track densities between collocated measurements. To improve retrospective radon concentration estimates using retrospective detectors, the source of this variation requires further investigation. Nonetheless, the agreement between the track density rates and contemporary radon concentrations was excellent, especially for the non-smoke-exposed glass surfaces, considering that no adjustments were performed to account for either the depositional environments or surface type.
However, preliminary comparisons of the models used to translate track rate densities to average long-term radon concentrations differed between the two studies. The RSM track density generation rate has been used to derive historic radon gas concentrations using a calibration factor based on linear regression of the contemporary residential radon gas concentrations and the track density generation rates in MRLCS homes (22) . The age of the glass was used to correct the observed track density rates for radioactive decay (21) . The RRD track densities from the IRLCS homes were similarly analyzed to produce a calibration factor (20, 23) . The two calibrations had similar multiplicative factors, but differed enough in detail that further work is needed to reconcile the two approaches. Some of the differences may arise from the variation of room atmospheres in the two studies. For example, more smokers were present in MRLCS houses than in IRLCS houses. The effect of atmospheric differences is being investigated using the results of the RRD's deposition chip and IRLCS questionnaire data on aerosol generation such as from smoking and other factors. If categorical variables common to both MRLCS and IRLCS can be identified that significantly reduce the effects of room atmosphere variation on the calibration, those variables will be used to adjust both RSM and RRD track densities for comparisons. In summary, laboratory and field intercomparisons found that two glass-based retrospective radon detectors, previously used in major epidemiologic studies, produced similar track density rate results. Further calibration of these glass-based retrospective detectors for various depositional environments and surfaces will further refine this measurement technique and may allow pooling of glass-based retrospective radon measurements from two large radon epidemiologic studies performed in the United States (28, 29) .
